1. Introduction. PCOS: More than a reproductive condition {#sec1}
=========================================================

Polycystic ovary syndrome (PCOS) is the most prevalent endocrine disorder among premenopausal women. Globally, the incidence of this syndrome varies, ranging from 6% to 20% \[[@bib1]\] depending on the diagnostic criteria applied, with higher prevalence in overweight or obese women and in specific ethnic groups \[[@bib2],[@bib3]\]. PCOS is a complex and heterogeneous endocrinopathy characterized by a constellation of symptoms and clinical features, including hyperandrogenism (clinical or biochemical), ovarian dysfunction (menstrual irregularities), and polycystic ovarian morphology. Currently, there are several diagnostic criteria for PCOS that utilize different combinations of these clinical traits. According to the Rotterdam criteria, the most widely used for the clinical diagnosis of PCOS is defined by at least two of the three aforementioned clinical features \[[@bib4]\]. PCOS is considered the leading cause of anovulatory infertility \[[@bib5]\] and is therefore clinically associated with subfertility or infertility. However, the deleterious impact of this pathology is not confined to reproductive function, and metabolic function is also frequently compromised.

PCOS is closely linked to metabolic disorders such as obesity and insulin resistance (IR) \[[@bib6]\]. A large proportion of women with PCOS are obese or overweight \[[@bib7]\] and exhibit IR with associated compensatory hyperinsulinemia \[[@bib8],[@bib9]\]. Of note, IR and hyperinsulinemia are metabolic traits that are also present in most lean women with PCOS. Hyperinsulinemia plays a prominent role in the development of some phenotypic features of PCOS and, together with β cell dysfunction, increases the risk of developing other metabolic abnormalities such as type 2 diabetes (T2D), hypertension, dyslipidemia, and cardiovascular diseases \[[@bib10]\]. Importantly, the prevalence of these metabolic comorbidities is high in women with this disorder \[[@bib11],[@bib12]\], and the concurrence of overweight or obesity and PCOS exacerbates not only metabolic complications \[[@bib6],[@bib7]\], but also reproductive derangements associated with this endocrinopathy \[[@bib13],[@bib14]\].

The pathophysiological mechanisms of PCOS are complex and not fully understood \[[@bib10],[@bib15],[@bib16]\]. Several lines of evidence suggest that developmental, environmental, genetic, and epigenetic mechanisms are involved in the etiology of this endocrine disorder \[[@bib17],[@bib18]\]. Although many aspects of its pathophysiology remain obscure, it is widely accepted that hyperandrogenism plays a fundamental role in the development of most of the reproductive and metabolic perturbations associated with PCOS. Androgen excess has a deleterious impact on metabolic homeostasis in women with PCOS, acting on different metabolic tissues such as the adipose tissue, liver, muscle, and pancreas as well as on the brain. However, a better understanding of the molecular mechanisms underlying the metabolic actions of androgens in PCOS is needed.

This study reviews the current literature to provide an overview of the main pathogenic mechanisms that may underlie metabolic dysregulation commonly linked to PCOS, with particular attention to the potential molecular mechanisms responsible for the metabolic impact of androgen excess in selective tissues. Special emphasis was placed on discussing findings from studies of various female rodent models of hyperandrogenism generated by exposures to different types of androgens at various doses and administration windows, which resulted in a multiplicity of PCOS-like symptoms resembling the heterogenous clinical presentation of the syndrome. In addition, data from other species (for example, sheep and non-human primates) have been also included when relevant. Finally, a brief recap is provided on the current therapeutic strategies for managing the metabolic complications of PCOS, which are urgently necessary for more effective treatment options, in particular subsets of PCOS patients.

2. Pathogenesis of PCOS: Putative mechanisms {#sec2}
============================================

Given its heterogeneous clinical presentation, different and eventually non-exclusive mechanisms are involved in the pathogenesis of PCOS and, particularly, in the generation of its common metabolic complications. These are depicted in [Figure 1](#fig1){ref-type="fig"} and itemized below.Figure 1**Potential pathogenic factors of PCOS.** During gestation, multiple factors including increased AMH levels, growth restriction, endocrine disruptors such as BPA, and androgen excess may predispose to the development of a PCOS-like phenotype in adulthood. During the postnatal period, exposure to endocrine disruptors and androgen excess and the development of obesity and insulin resistance are considered pathogenic factors that may also cause PCOS. Genetic and epigenetic factors may also increase the risk of developing PCOS. The figure was designed using tools provided by Servier Medical Art (<https://smart.servier.com>).Figure 1

2.1. Androgen excess {#sec2.1}
--------------------

Hyperandrogenemia is considered the main clinical hallmark of PCOS \[[@bib14]\]. It is estimated that more than 80% of women who exhibit signs or symptoms of hyperandrogenism, including hirsutism, acne or alopecia, have PCOS \[[@bib15]\]. Androgens are produced in the ovary and adrenal gland from a common precursor, cholesterol \[[@bib19]\]. After a series of enzymatic reactions, cholesterol is converted into dehydroepiandrosterone (DHEA) and androstenedione. In the ovary, these reactions take place in the theca cells, whereas in the adrenal gland they occur in the adrenal cortex \[[@bib20]\]. Cytochrome P450c17 is the rate-limiting enzyme for sex steroid synthesis in theca cells and the adrenal cortex. The activity of this enzyme is dose-dependently regulated by luteinizing hormone (LH) in the ovary and ACTH in the adrenal cortex. Cytochrome P450c17 possesses dual enzymatic activity, 17-hydroxylase and 17,20-lyase, essential for the conversion of pregnenolone into DHEA. The activity of P450c17 is allosterically modulated by the accessory protein cytochrome b5 (CytB5), which promotes 17,20-lyase activity. CytB5 is expressed in androgen-producing tissues such as the ovary, testis, and adrenal cortex. Of note, in the adrenal cortex, CytB5 is predominantly expressed in the zona reticularis, whereas P450c17 is expressed in both the zona reticularis and fasciculata \[[@bib21]\]. This is why the adrenal conversion of pregnenolone into DHEA occurs in the zona reticularis. Subsequently, DHEA is converted into androstenedione by the action of the enzyme 3β-hydroxysteroid dehydrogenase type 2 (3β-HSD2) \[[@bib20]\].

Androstenedione is the main precursor for the synthesis of testosterone and estrogen in both the ovaries and adrenal cortex. In the ovary, the conversion of androstenedione to testosterone occurs in the theca cells, and then testosterone is converted into estrogen in granulosa cells by cytochrome p450 aromatase \[[@bib20]\]. This enzyme is predominantly expressed in granulosa cells and also catalyzes the direct conversion of androstenedione into estrone, which is metabolized into estradiol by 17 β-hydroxysteroid dehydrogenase type 1 (17βHSD1) \[[@bib22]\]. Of note, transcription of the *CYP19A1* gene, which encodes cytochrome p450 aromatase, is regulated by follicle-stimulating hormone (FSH) \[[@bib23]\]. In the ovary, androgen production is regulated by LH in the theca cells, whereas estrogen synthesis from the androgens is regulated by FSH in granulosa cells \[[@bib20]\]. The biosynthesis of both sex steroids is also modulated by intra- and extra-ovarian factors. Androgens and estradiol inhibit their own production via a paracrine negative feedback loop modulating the activity of cytochrome P450c17 in theca cells. Insulin and insulin-like growth factor-1 (IGF-1) are the major extra-ovarian factors that modulate sex steroid synthesis, acting as stimulating factors of androgen production by increasing the 17-hydroxylase and 17,20-lyase activity of P450c17 \[[@bib22]\].

The most common biochemical perturbation in patients with PCOS is the elevation of circulating testosterone and androstenedione levels \[[@bib24]\]. Compelling evidence suggests that the major source of androgens in women with PCOS is the ovary \[[@bib25],[@bib26]\], although the adrenal gland might also contribute to androgen overproduction in a minority of patients \[[@bib27],[@bib28]\]. Several studies have reported that an intrinsic abnormality in the steroidogenic machinery of the ovarian theca cells may be responsible for the increased androgen biosynthesis frequently associated with PCOS \[[@bib19],[@bib29],[@bib30]\]. Furthermore, in vivo studies showed that the steroidogenic response to exogenous administration of LH is higher in women with PCOS either in basal conditions or after suppression of endogenous LH levels by a GnRH antagonist \[[@bib29]\]. In line with these findings, in vitro studies have also demonstrated a steroidogenic hyperfunction in theca cells isolated from women with PCOS. These results demonstrated that theca cells from women with PCOS release more androgens than those of healthy women as a result of an upregulated expression of cytochrome P450c17, P450scc (a key rate-limiting enzyme in steroid production), 3β-HSD2, and 17β-hydroxysteroid dehydrogenase type 5 (17βHSD5), also referred to as aldo-keto reductase type 1C3 (AKR1C3) \[[@bib19],[@bib30]\].

In addition to this gonadal abnormality, it has been reported that neuroendocrine dysregulation may also contribute to enhanced androgen production in the ovary and participate in the pathogenesis of this disorder. PCOS patients normally exhibit elevated LH relative to FSH levels as a consequence of increased LH pulse frequency and amplitude \[[@bib31]\]. This alteration in the LH pulse has been primarily attributed to a defect in the regulatory mechanisms of LH release by sex steroids. Thus, it has been reported that hyperandrogenism enhances hypothalamic gonadotropin releasing-hormone (GnRH) pulse frequency through the inhibition of sex steroid negative feedback on LH secretion \[[@bib32]\], which ultimately leads to increased LH and androgen levels. In addition, other factors such as anti-Müllerian hormone (AMH) and insulin may contribute to neuroendocrine dysregulation. AMH levels are commonly elevated in women with PCOS as a result of the excessive accumulation of small antral follicles in their ovaries \[[@bib33]\]. Interestingly, it has been demonstrated that GnRH neurons express AMH type II receptor, and this hormone stimulates GnRH neuron activity \[[@bib34]\]. Hence, the rise in AMH levels in PCOS might promote GnRH release from the hypothalamus and contribute to hyperandrogenism. Insulin is another factor that may increase the frequency and amplitude of GnRH and LH pulse secretion by the upregulation of GnRH gene expression in hypothalamic GnRH neurons, an effect mediated via activation of the MAPK pathway \[[@bib35]\]. Given the dominant role of hyperandrogenemia, its impact on the multiple metabolic derangements seen in PCOS patients is discussed in detail in Section [3](#sec3){ref-type="sec"}.

2.2. Insulin resistance/hyperinsulinemia {#sec2.2}
----------------------------------------

IR is the most prevalent metabolic perturbation in women with PCOS, affecting 65--70% of all patients \[[@bib9]\]. IR is defined as an impairment in the ability of insulin to mediate its metabolic actions. As a consequence of the perturbed insulin action, a higher amount of insulin is required to attain its metabolic effects, which results in increased production and release of insulin from pancreatic β cells. This is why IR is frequently associated with compensatory hyperinsulinemia \[[@bib9],[@bib26],[@bib36]\].

IR and hyperinsulinemia are metabolic traits characteristic of lean and obese women with PCOS \[[@bib8]\] and are considered important components in the pathogenesis of this endocrinopathy. Hyperinsulinemia contributes to androgen-dependent anovulation through different mechanisms. Insulin enhances the stimulating effects of LH on androgen production in ovarian theca cells \[[@bib37],[@bib38]\]. In fact, insulin has been proposed to act as a co-gonadotropin and stimulate androgen biosynthesis in the ovary by activating P450c17 expression and activity in theca cells \[[@bib22]\]. Of note, theca cells in women with PCOS are more sensitive to the hyperandrogenic effects of insulin than those in healthy women \[[@bib39]\]. Despite peripheral IR, insulin sensitivity remains intact or may be even enhanced in ovaries in women with PCOS \[[@bib37],[@bib38],[@bib40]\]. This observation suggests the presence of selective insulin resistance in PCOS that differentially affects the metabolic tissues and ovary.

Another mechanism by which insulin excess may contribute to increasing androgen levels is by inhibition of sex hormone-binding globulin (SHBG) release from the liver. SHBG is a circulating protein responsible for steroid transport in the blood and is the main binding protein for testosterone transport. However, unbound testosterone (free testosterone) is the biologically active androgen in circulation. In vivo and in vitro studies reported that insulin reduces SHBG release from the liver \[[@bib41],[@bib42]\]. This attenuation of SHBG levels increases the bioavailability of free testosterone in the blood, thus promoting increased androgenic activity. Insulin has also been reported to stimulate GnRH-mediated gonadotropin release from the anterior pituitary \[[@bib43]\] and, as discussed previously, to upregulate GnRH expression in hypothalamic GnRH neurons \[[@bib35]\]. These pituitary and hypothalamic effects may also enhance ovarian androgen biosynthesis and compromise ovarian function.

Supporting the role of hyperinsulinemia as a pathogenic factor for the development of hyperandrogenism and PCOS, a variety of studies demonstrated that intervention with insulin-sensitizing drugs such as metformin or thiazolidinediones (TZDs) reduces circulating insulin and androgen levels, increases SHBG levels, and improves ovarian function in women with PCOS \[[@bib36],[@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49]\].

2.3. Developmental factors {#sec2.3}
--------------------------

According to the Developmental Origin of Health and Disease (DOHaD) hypothesis proposed by Barker \[[@bib50],[@bib51]\], environmental fluctuations during gestation and early postnatal life can permanently alter gene expression patterns and determine health status and susceptibility to disease in subsequent stages of development. This hypothesis postulates that during critical developmental stages of tissue and organ maturation, such as gestation, environmental changes result in permanent structural and physiological perturbations that may predispose to the occurrence of diseases later in life. This phenomenon, known as developmental programming, has been proposed as a potential pathogenic factor for PCOS.

Compelling evidence indicates that perinatal overexposure to androgens may play an important role in the pathogenesis of PCOS \[[@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59]\]. Experimental studies of a variety of preclinical models such as monkeys, sheep, rats, and mice documented that prenatal exposure to androgens induces a PCOS-like phenotype in adult females characterized by altered gonadotropin release, hyperandrogenism, anovulation, insulin resistance, and other metabolic and reproductive disturbances \[[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59]\]. Neonatal exposure to androgens has also been shown to cause cardiometabolic dysfunction in adult female mice similar to that observed in women with PCOS \[[@bib59]\]. In humans, there is evidence that fetal overexposure to androgens due to certain pathologies such as congenital adrenal hyperplasia or androgen-secreting neoplasms causes permanent alterations in the pattern of gonadotropin secretion in girls \[[@bib60],[@bib61]\]. Of note, female infants born from women with PCOS may also be at a greater risk of developing PCOS since the intrauterine milieu during pregnancy is likely to be hyperandrogenic in women with this syndrome \[[@bib62], [@bib63], [@bib64]\]. In normal conditions, the fetus is protected against maternal androgens by the placental aromatase, which transforms androgens into estrogens, thus limiting androgen supply to the fetus. However, the steroidogenic pathway in placental tissue from women with PCOS seems to be dysregulated, showing increased activity of 3β-HDS1 and decreased activity of P450 aromatase \[[@bib65]\]. Such alterations in the placental steroidogenic machinery may change the intrauterine environment and expose the fetus to abnormal androgen levels during gestation that might induce a PCOS-like phenotype in adulthood.

A recent report documented that pregnant women with PCOS exhibit increased circulating AMH levels compared with control women and demonstrated in an experimental model in mice that overexposure to this hormone during gestation may lead to fetal programming of the female offspring causing a PCOS-like reproductive phenotype in adulthood \[[@bib66]\]. Thus, girls born from mothers with PCOS might be at a greater risk of developing this endocrine disorder not only due to the abnormal exposure to androgens during gestation, but also due to the intrauterine AMH excess.

Low birth weight as a consequence of intrauterine growth restriction has also been proposed as a contributing factor for the development of PCOS \[[@bib67],[@bib68]\]. In this sense, it has been shown that the prevalence of symptoms of PCOS is higher in young adult women born small for gestational age compared with women with adequate body weight at birth, exhibiting altered insulin sensitivity, increased androgenic activity, and irregular menses \[[@bib69],[@bib70]\]. These findings suggest that alterations in the intrauterine nutritional environment may also be considered a predisposing factor for the development of PCOS in humans.

2.4. Environmental factors {#sec2.4}
--------------------------

Environmental factors have been also implicated in the pathogenesis of PCOS. As previously discussed, insulin resistance and associated hyperinsulinemia are considered key pathological factors in the development of PCOS, and obesity is the most common cause of insulin resistance. Consequently, all environmental factors that can lead to overweight or obesity and alter insulin action may be involved in the etiology of this endocrine disorder. Diet and lifestyle are the main factors that may cause or exacerbate the metabolic and reproductive abnormalities of PCOS \[[@bib71]\]. Sedentary lifestyle and inadequate dietary habits may promote obesity and insulin resistance and contribute to worsening the metabolic and reproductive features of PCOS. Supporting the role of these environmental elements in the pathogenesis of PCOS, it has been documented that an improvement in insulin sensitivity through lifestyle and diet modifications is sufficient to ameliorate some indexes of reproductive perturbations in obese women with PCOS such as anovulation and menstrual cycle irregularities \[[@bib72],[@bib73]\].

In addition to these obesogenic factors, endocrine disruptors may also play a role in the pathogenesis of PCOS. Endocrine disruptors are natural or synthetic compounds that are ubiquitous in the environment and may interrupt the endocrine system. Exposure to these compounds, which can be found in plastic bottles, detergents, toys, cosmetics, pesticides, or metal cans, may result in adverse health effects. Bisphenol A (BPA) is the most characteristic endocrine disruptor whose effects on health have been extensively explored. This compound is a synthetic chemical with estrogenic activity. Preclinical studies of female rats, lambs, and monkeys showed that prenatal exposure to BPA may alter the hypothalamic-pituitary-ovarian axis and lead to a PCOS-like phenotype characterized by anovulation, polycystic ovaries, and infertility \[[@bib74], [@bib75], [@bib76]\]. In humans, exposure to BPA during development has been associated with an increased risk of developing obesity, T2D, and reproductive disorders \[[@bib77]\]. Interestingly, a recent meta-analysis reported a positive association between serum BPA levels and PCOS, suggesting that BPA may be involved in the development of insulin resistance and hyperandrogenism associated with PCOS \[[@bib78]\].

2.5. Genetic factors {#sec2.5}
--------------------

Many studies have suggested that genetic factors may be important in the etiology of this syndrome. Studies of probands with PCOS and their sisters revealed a high heritability of metabolic and endocrine features \[[@bib79],[@bib80]\]. However, the most conclusive evidence for the influence of genetic factors on PCOS pathogenesis came from research involving monozygotic and dizygotic twins. These studies showed a strong contribution of familiar factors to the development of PCOS as reflected by a higher concordance of PCOS symptoms in monozygotic twins compared with dizygotic twins \[[@bib81]\]. Additional studies have focused on the identification of susceptible genes that may underlie the intrinsic cause of PCOS. Recent genome-wide association studies (GWAS) conducted in different populations of women with PCOS identified an array of loci with a strong association with the development of PCOS \[[@bib20]\]. Genes located in these susceptibility loci are related to the gonadotropic axis (*LHCGR*, LH receptor; *FSHR*, FSH receptor), ovarian androgen production (*DENND1A*), glucose metabolism (*INSR*, insulin receptor), vesicular trafficking and receptor recycling (*RAB5B*), and cell cycle regulation (*THADA* and *HMGA2*) \[[@bib20]\]. While the results of the initial GWAS were not reproducible in all series, probably due to the heterogeneous nature of the syndrome and an insufficient number of patients recruited in some of these studies \[[@bib20]\], recent analyses have demonstrated the consistent identification of altered gene loci linked to various metabolic and reproductive pathways; *FSHR*, *THADA*, and *DENND1A* are among the most robust candidates \[[@bib82]\]. Nevertheless, these association studies explained only a modest fraction of the heritability of PCOS \[[@bib20]\].

2.6. Epigenetic factors {#sec2.6}
-----------------------

As previously mentioned, unfavorable perinatal environment can permanently alter gene expression patterns and increase susceptibility to diseases later in life. In the context of PCOS, perinatal androgen exposure has been shown to induce a PCOS-like phenotype in adult females in a variety of species \[[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58]\]. Inappropriate epigenetic reprogramming has been identified as a potential underlying mechanism linking early overexposure to androgens and the development of PCOS in adulthood. Thus, prenatal androgenization in female rats, sheep, and rhesus monkeys has been associated with alterations in the pattern of methylation of relevant genes related to the steroidogenic pathway and reproductive and biological processes \[[@bib83], [@bib84], [@bib85], [@bib86]\]. These epigenetic modifications of specific promoters alter gene expression patterns and may increase the risk of developing PCOS in subsequent stages of development. Exposure to androgens during the early postnatal stage has also been shown to induce epigenetic changes in the promotion of genes involved in ovarian function such as luteinizing hormone receptor (*LHr)*, peroxisome proliferator-activated receptor-γ (*PPAR-*γ), nuclear corepressor 1 (*NCOR1*), and histone deacetylase 3 (*HDAC3*) \[[@bib87],[@bib88]\]. Collectively, these data suggest that alteration of the epigenome in the early stages of development may also be involved in the pathogenesis of PCOS.

3. Metabolic dysfunction in PCOS: Role of androgen excess {#sec3}
=========================================================

Androgen excess is regarded as the cardinal feature of PCOS. Hyperandrogenism plays a prominent role in the development of metabolic disturbances associated with PCOS, acting on peripheral tissues as well as at the central level ([Figure 2](#fig2){ref-type="fig"}). The major metabolic actions of androgen excess in different metabolic tissues and the brain is discussed in the forthcoming sections, with special focus on the putative underlying molecular mechanisms driving the metabolic complications of PCOS.Figure 2**Metabolic impact of androgen excess in PCOS.** In women with PCOS, androgen excess has a detrimental impact on different metabolic tissues, including the adipose tissue (white and brown), liver, pancreas, and skeletal muscle. Androgen excess also impairs systemic metabolism via the brain, primarily increasing adiposity and reducing insulin sensitivity. The figure was created using tools provided by Servier Medical Art (<https://smart.servier.com>).Figure 2

3.1. Effects of hyperandrogenism on the adipose tissue {#sec3.1}
------------------------------------------------------

### 3.1.1. White adipose tissue {#sec3.1.1}

#### 3.1.1.1. Effects on fat distribution {#sec3.1.1.1}

A differential pattern of fat distribution exists between males and females. While females tend to store fat predominantly in the subcutaneous adipose depots (SAD) and especially in the gluteal and femoral fat pads, males accumulate fat in the visceral depots \[[@bib89]\]. However, this pattern of fat accumulation is altered in hyperandrogenic women with PCOS. Clinical studies documented that women with PCOS exhibited increased global adiposity \[[@bib90]\] and thickness of the intraperitoneal and mesenteric fat depots compared with control women \[[@bib91]\]. The thickness of the intraperitoneal fat depots in these patients was positively correlated with circulating androgen levels, suggesting that androgen excess masculinizes the pattern of fat distribution, favoring visceral fat accumulation \[[@bib91]\]. Additional findings have supported the role of androgens in body fat distribution in females, promoting increased visceral adiposity. In this sense, chronic administration of testosterone in female-to-male transsexuals has also been shown to increase visceral adiposity and decrease subcutaneous fat depots \[[@bib92]\]. Furthermore, women with PCOS subjected to chronic intervention with flutamide, an anti-androgenic compound, exhibited reduced abdominal fat depots \[[@bib93]\]. This alteration in regional fat distribution induced by androgens may have detrimental metabolic implications for PCOS patients, since increased visceral adiposity is considered a risk factor for the development of metabolic syndrome \[[@bib94]\] and may contribute to aggravating metabolic abnormalities linked to this endocrinopathy. However, the molecular mechanisms involved in the increased abdominal adiposity induced by chronic exposure to androgens remain largely unknown. Preclinical studies of female mice suggested that androgen excess may perturb the ability of leptin to stimulate energy expenditure, which in turn may promote visceral fat accumulation \[[@bib95]\]. However, further studies are needed to elucidate the underlying mechanisms associated with this effect of hyperandrogenism on patterns of fat accumulation.

#### 3.1.1.2. Effects on adipocyte size and differentiation {#sec3.1.1.2}

Increasing evidence suggests that androgen excess enhances adipocyte size in SAD in PCOS women \[[@bib96],[@bib97]\]. This adipocyte hypertrophy may lead to adipocyte dysfunction, since it has been suggested that enlarged adipocytes are more susceptible to inflammation, macrophage infiltration, and apoptotic processes \[[@bib98],[@bib99]\], effects that may impair insulin sensitivity. These findings were confirmed in rodent studies in which overexposure to androgens during the early postnatal and peri-pubertal stage was associated with increased adipocyte size in subcutaneous and visceral fat depots and the development of insulin resistance in females \[[@bib59],[@bib100],[@bib101]\]. However, prenatal exposure to testosterone has been associated with decreased adipocyte size in female sheep and monkeys \[[@bib102],[@bib103]\], suggesting that the effects of hyperandrogenism on adipocyte cell size might depend not only on the species, but also on the nature of the androgen (for example, whether aromatizable or not) and the time window and/or duration of exposure.

Adipocyte differentiation is also influenced by hyperandrogenism. Androgens disrupt the differentiation of pre-adipocytes to mature adipocytes in female rats, sheep, and monkeys \[[@bib102], [@bib103], [@bib104]\]. This androgen-driven inhibition of adipogenic differentiation has also been demonstrated in human pre-adipocytes, an effect that was partially reversed by the administration of anti-androgenic compounds \[[@bib105],[@bib106]\]. The anti-adipogenic effects of androgens seem to be mediated by different mechanisms. The physiological functions of androgens are conveyed by the canonical androgen receptor (AR), a nuclear receptor expressed in multiple tissues, including the adipose tissue. Wnt signaling in fat cells plays an important role in cellular differentiation and growth. Activation of this intracellular pathway in adipocytes allows the translocation of β-catenin to the nucleus and the activation of a series of transcription factors that ultimately lead to the expression of Wnt-regulated target genes. It has been suggested that the Wnt signaling may function as an adipogenic switch that represses adipogenesis when activated and initiates adipogenic processes when inhibited \[[@bib107],[@bib108]\]. AR activation may activate this pathway by inducing translocation of β-catenin to the nucleus, thus downregulating the expression of adipogenic transcription factors \[[@bib109]\]. Another potential mechanism is related to the ability of ARA70, a ligand-enhanced coactivator, to interact with the AR and PPAR-γ. PPAR-γ is involved in adipocyte differentiation and function and its activation stimulates adipogenesis \[[@bib110],[@bib111]\]. When the AR is activated, it competes with PPAR-γ to bind coactivator ARA70, thus limiting PPAR-γ effects on adipogenesis \[[@bib112]\]. Studies of subcutaneous adipocytes isolated from nonobese women also demonstrated that androgens impair the differentiation of human adipocyte-derived stem cells to preadipocytes by altering bone morphogenic protein 4 (BMP4) activity, an effect that was reversed after flutamide administration \[[@bib113]\].

#### 3.1.1.3. Effects on lipolysis and adipokine secretion {#sec3.1.1.3}

Androgen excess also affects lipolytic regulation. Studies of differentiated pre-adipocytes demonstrated that androgens exert depot-specific lipolytic actions, causing a reduction of catecholamine-stimulated lipolysis particularly in subcutaneous adipocytes \[[@bib114]\], an effect likely due to the downregulation of hormone-sensitive lipase (HSL) and β-2 adrenergic receptor expression \[[@bib114]\]. In line with this, previous studies of isolated subcutaneous adipocytes reported that dihydrotestosterone (DHT) exposure reduced HSL expression \[[@bib115]\]. In female rhesus monkeys, peri-pubertal exposure to testosterone has been shown to attenuate lipolysis and reduce HSL expression in visceral depots during the luteal phase of the menstrual cycle \[[@bib116]\]. In addition, in the same experimental model, the combination of testosterone administration and consumption of a Western diet was reported to impair also β-adrenergic-stimulated lipolysis in white adipocytes and accelerate adipose tissue dysfunction \[[@bib117]\]. Interestingly, this anti-lipolytic effect of androgens has also been documented in humans, wherein chronic intervention with testosterone reduced HSL expression in subcutaneous adipocytes from postmenopausal women \[[@bib118]\]. This androgen-driven impairment of lipid metabolism in adipocytes impacts lipid storage capacity and may cause insulin resistance.

Of note, recent findings demonstrated that intra-adipose androgen production by the enzyme AKR1C3 plays a prominent role in adipose tissue dysfunction in PCOS \[[@bib119]\]. This enzyme catalyzes the conversion of androstenedione to testosterone and is abundantly expressed in the adipose tissue. Studies of patients with PCOS showed increased local androgen production by AKR1C3 and lipid accumulation in the adipose tissue leading to lipotoxicity, insulin resistance, and compensatory hyperinsulinemia \[[@bib119]\]. Interestingly, in vitro experiments showed that insulin upregulates AKR1C3 expression, which may exacerbate intra-adipose androgen production and generate a vicious cycle in the adipose tissue that may increase the metabolic risk in PCOS patients \[[@bib119]\].

Androgens have also been shown to modulate adipokine production in the adipose tissue. Adiponectin is an adipocyte-derived adipokine with insulin-sensitizing features. An array of in vitro and in vivo studies have documented the ability of androgens to reduce circulating adiponectin levels \[[@bib120], [@bib121], [@bib122]\], an effect that has been postulated as a key factor contributing to insulin resistance in PCOS women. In keeping with the beneficial effects of adiponectin on insulin sensitivity and metabolic health in PCOS, a recent report in mice showed that the overexpression of this adipokine in the adipose tissue prevents metabolic derangements linked to continuous exposure to DHT but had only minor effects on the reproductive profile in a mouse model of PCOS \[[@bib123]\]. In addition to their effects on adiponectin levels, androgens also reduce circulating levels of other adipokines such as omentin-1. This adipokine also has insulin-sensitizing properties and its circulating levels have been negatively correlated with free testosterone levels in obese patients with PCOS \[[@bib124]\]. Collectively, these findings demonstrated that hyperandrogenism attenuates adipokine levels with insulin-sensitizing properties that may have detrimental consequences on insulin sensitivity in women with PCOS.

### 3.1.2. Brown adipose tissue {#sec3.1.2}

Brown adipose tissue (BAT) is a metabolically active type of fat located in specific areas of the body whose main function is to protect important organs from hypothermia via the induction of adaptative thermogenesis \[[@bib125]\]. BAT produces heat due to the presence of increased levels of uncoupling protein 1 (UCP-1) within the mitochondria, which promotes heat production by uncoupling aerobic respiration. BAT thermogenesis is regulated by several factors, including the environmental temperature, certain nutrients during the postprandial phase, physical activity, and the sympathetic nervous system, among others \[[@bib126],[@bib127]\]. Of note, women with PCOS exhibit decreased BAT thermogenesis compared with controls, a reduction that has been negatively correlated with circulating androgen levels \[[@bib128]\]. Evidence from in vitro and experimental studies revealed that androgens modulate BAT activity by regulating UCP-1 expression \[[@bib129],[@bib130]\]. Testosterone reduces UCP-1 levels by downregulating the expression of PGC1-α, a master regulator of UCP-1 transcription \[[@bib130]\], and inhibits leptin\'s ability to stimulate UCP-1 expression in BAT \[[@bib95]\].

Recent findings proposed that dysfunctional BAT may be related to the development of PCOS. These studies demonstrated that peri-pubertal exposure to the androgen DHEA in rats induced some classical PCOS traits, including irregular menstrual cycles, polycystic ovarian morphology, and insulin resistance, and also reduced BAT activity. Surprisingly, BAT transplantation from control animals to PCOS rats was capable of reverting the PCOS-like phenotype, with not only metabolic, but also reproductive improvements \[[@bib131]\]. BAT transplantation restored estrous cyclicity and improved metabolic homeostasis in DHEA-treated animals, effects that were mediated, at least partially, by the enhanced BAT activity and adiponectin release. Importantly, chronic exposure to adiponectin mimicked the metabolic and reproductive effects induced by BAT transplantation in DHEA-treated rats \[[@bib131]\]. These findings are partially discordant with the modest effects of adiponectin on the reproductive profile of the PCOS-like mouse model previously mentioned \[[@bib123]\]. This discrepancy might be due, at least partially, to the use of different PCOS models generated in different rodent species (rat vs mouse) by exposure to different androgens (DHEA vs DHT). Hence, the phenotypic presentation of PCOS-like symptoms might differ between these two PCOS models, and the reproductive actions of adiponectin may also vary. In addition, the source of adiponectin may also contribute to the observed differences; while in the DHEA study \[[@bib131]\], recombinant adiponectin was daily administered to rats, in the DHT study \[[@bib123]\], specific transgenic mice were engineered to overexpress adiponectin in the white adipose tissue. Hence, the differences in the dose and duration of exposure to adiponectin between the two models might also influence the reproductive effects of this adipokine. Nevertheless, these findings suggest that there may be a link among BAT activity, circulating adiponectin levels, and the development of PCOS, and highlight that BAT-activating compounds might be considered potential drug candidates for the treatment of this endocrinopathy. In line with this hypothesis, a recent report described that intervention with the natural compound rutin, a flavonoid that promotes BAT activation and ameliorates metabolic and reproductive phenotypes in DHEA-induced PCOS rats \[[@bib132]\], thus emphasizing the therapeutic potential of BAT-activating compounds for the treatment of PCOS. However, it must be stressed that evidence linking BAT dysfunction and PCOS primarily comes from studies of rodent models in which BAT is likely to play a more prominent physiological role than in primates, including humans \[[@bib133]\]. Nonetheless, the conclusive documentation of the presence of functional BAT in adult humans \[[@bib134], [@bib135], [@bib136]\], where it plays a role in energy homeostasis \[[@bib137]\], makes it plausible that rodent findings might be extrapolated to human pathophysiology, also in the case of PCOS. Additionally, the possibility that beige cells, which share numerous molecular features with canonical brown cells in humans \[[@bib138]\], might be also pathophysiological contributors and/or therapeutic targets in PCOS warrants further investigation.

3.2. Effects of hyperandrogenism on the liver {#sec3.2}
---------------------------------------------

Cumulative evidence suggests a clear association between PCOS and the development of non-alcoholic fatty liver disease (NAFLD) \[[@bib139], [@bib140], [@bib141], [@bib142], [@bib143]\]. NAFLD is considered the most common liver disease, encompassing a spectrum of hepatic alterations ranging from liver fat accumulation (steatosis) to non-alcoholic steatohepatitis (NASH) and cirrhosis, which, in certain cases, may progress to hepatocellular carcinoma \[[@bib142],[@bib143]\]. The pathophysiology of NALFD in women with PCOS is related to the metabolic disturbances frequently associated with this syndrome such as insulin resistance, obesity, and dyslipidemia. Recent studies reported that hyperandrogenism per se might increase the risk of developing NAFLD in these patients. After statistical adjustment for body mass index (BMI) and IR, a case--control study documented that women with PCOS and hyperandrogenism were more prone to developing NAFLD compared with non-hyperandrogenic PCOS and healthy women \[[@bib144]\]. Additional studies of hyperandrogenic women with PCOS also described a positive correlation between androgen excess and circulating alanine aminotransferase (ALT) levels, a marker of hepatocellular damage and NAFLD commonly used in clinical practice, independently of obesity \[[@bib145],[@bib146]\]. An elevated free androgen index (FAI) has also been associated with increased prevalence of NAFLD in PCOS women, independent of age, BMI, and insulin resistance \[[@bib140],[@bib147]\]. Thus, the available evidence strongly suggests that androgen excess might be considered an independent factor that may be involved in the development of NAFLD in PCOS women.

From a mechanistic perspective, few studies have addressed the putative mechanisms linking androgen excess and NAFLD development in women with PCOS. A recent study conducted on female rats demonstrated that hyperandrogenemia induced by the chronic administration of exogenous human chorionic gonadotropin (hCG) caused an imbalance between de novo lipogenesis and mitochondrial β-oxidation, affecting the PPAR-α/β-Srebp1/2-Acc1 axis, leading to liver fat accumulation \[[@bib148]\]. Overexposure to androgens also exacerbated liver inflammation in these animals as reflected by the increased hepatic expression of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β and negatively affected insulin-mediated IRS-PI3K-Akt signaling \[[@bib148]\]. Hyperandrogenism has also been shown to downregulate low-density lipoprotein receptor (LDL-R) expression in the adipose tissue of PCOS patients, an effect that may also promote liver fat accumulation \[[@bib149]\]. According to a recent preclinical study of female rats, prenatal exposure to androgens may also cause NAFLD by altering liver lipid metabolism via modification of the PPAR system, thus increasing susceptibility to developing hepatic steatosis \[[@bib150]\]. Despite these mechanistic findings linking hyperandrogenism and NAFLD, further preclinical studies are needed to assess the real contribution of androgens to the development of NAFLD in PCOS patients.

3.3. Effects of hyperandrogenism on the skeletal muscle {#sec3.3}
-------------------------------------------------------

Hyperandrogenism may also have negative consequences on skeletal muscle in women with PCOS, primarily affecting insulin sensitivity. Various studies explored the association between androgen excess and insulin resistance in PCOS women, with a particular focus on the effects of androgens on whole body glucose uptake and insulin sensitivity assessed by euglycemic-hyperinsulinemic clamps. These studies revealed a reduction of insulin-stimulated glucose uptake in women exhibiting hyperandrogenism that was primarily attributable to skeletal muscle insulin resistance \[[@bib151]\]. Initial mechanistic analyses conducted in cultured skeletal muscle cells from PCOS patients reported alterations in the insulin-signaling pathway characterized by decreased tyrosine phosphorylation and increased serine phosphorylation of the insulin receptor \[[@bib152]\]. Subsequent reports confirmed that women with PCOS and hyperandrogenism showed abnormalities not only in the phosphorylation pattern of the insulin receptor, but also at different levels of the intracellular insulin pathway. Namely, skeletal muscle cells in women with PCOS exhibited reduced Akt/PKB and AS160 phosphorylation and activation, alterations that impair insulin-stimulated glucose uptake and consequently contribute to insulin resistance \[[@bib153],[@bib154]\]. Interestingly, a recent study conducted on lean women with PCOS and hyperandrogenism described impaired insulin sensitivity in these patients compared with BMI-matched controls. However, activation of insulin signaling in muscle cells did not differ between women with PCOS and controls. The study concluded that reduced insulin sensitivity in lean PCOS patients might be associated with a decline in the circulating adiponectin levels that may modulate skeletal muscle insulin sensitivity via the AMPK system \[[@bib155]\].

Experimental studies have also demonstrated the association between hyperandrogenism and insulin resistance in muscle cells in PCOS. In female rats, chronic treatment with testosterone reduced insulin-mediated glucose transport into the muscle, causing hyperinsulinemia and altering the relative number of myofibers in the skeletal muscle by decreasing the number of type 1 fibers and increasing the proportion of type 2 (fast twitch and insulin resistant) fibers \[[@bib156]\]. Another study conducted on female rats reported that hyperandrogenism diminished capillary density in skeletal muscle, thereby hampering insulin access to muscle cells and delaying insulin action in this tissue \[[@bib157]\]. Novel findings in a mouse model of PCOS induced by the chronic administration of DHEA indicated that androgen excess might deregulate the mammalian target of rapamycin complex 1 (mTORC1) autophagy pathway and impair mitochondrial function, which may contribute to reducing insulin sensitivity and glucose uptake in muscle cells \[[@bib158]\]. Moreover, metabolomic analyses of skeletal muscle in the same PCOS model revealed that hyperandrogenism affected five metabolic pathways, some related to mitochondrial function and glucose metabolism \[[@bib159]\]. These data demonstrate a potential role of mitochondrial dysfunction as pathogenic factor for androgen-mediated insulin resistance in the skeletal muscle in PCOS.

3.4. Effects of hyperandrogenism on the pancreas {#sec3.4}
------------------------------------------------

As previously outlined, women with PCOS frequently exhibit insulin resistance with associated hyperinsulinemia and have a higher propensity of developing T2D. While the effect of androgen excess on systemic insulin sensitivity has been extensively explored, less attention has been paid to assessing the impact of hyperandrogenism on β cell function and insulin release. However, some evidence suggests that androgen excess may contribute to impairing glucose tolerance and β cell function in women with PCOS \[[@bib160],[@bib161]\]. However, the mechanisms underpinning this androgenic effect on the pancreas remain poorly understood.

Experimental studies demonstrated the expression of androgen receptors in β cells \[[@bib162], [@bib163], [@bib164]\], suggesting that androgens might have a direct impact on pancreatic function. Supporting this hypothesis, in vitro studies conducted on isolated islets from rats showed defective glucose-stimulated insulin secretion and mitochondrial dysfunction in islets treated with testosterone compared with controls, effects that were not detected in islets treated with testosterone but previously administered the anti-androgen flutamide \[[@bib165]\]. Initial studies of female mice also reported that androgen excess may predispose to β cell dysfunction due to its ability to produce systemic oxidative stress \[[@bib166]\], but did not clarify whether the detrimental effects of testosterone on β cell function were direct or indirect. Subsequent studies confirmed the direct effect of androgens on pancreatic function, both in males and females, by using mice lacking AR specifically in the β cells \[[@bib164],[@bib167]\]. These studies revealed that wild-type female mice exposed to a Western diet and chronically treated with DHT in adulthood exhibited hyperinsulinemia and pancreatic β cell failure, effects that were not observed in female animals lacking AR in β cells and exposed to the same obesogenic factors \[[@bib164]\]. The direct impact of androgens on β cells was further documented in cultured islets from female mice and women, with androgens producing insulin hypersecretion from β cells in response to glucose \[[@bib164]\]. This study concluded that excessive AR activation in β cells may promote mitochondrial hyperfunction, oxidative damage, and insulin hypersecretion, effects that may predispose to β cell failure \[[@bib164]\]. Additional studies of female sheep and rhesus monkeys also demonstrated that prenatal exposure to androgens may alter islet morphology and enhance β cell numbers and expansion in subsequent stages of development, which may promote insulin hypersecretion \[[@bib168],[@bib169]\]. In women with PCOS, it was documented that hyperglycemia-induced oxidative stress in mononuclear cells (MNC) and glucose-stimulated nuclear factor-κB (NF-κB) activation in these immune cells were involved in β cell dysfunction in PCOS, suggesting that both oxidative stress and inflammatory processes are linked to β cell failure in these patients \[[@bib170],[@bib171]\]. Of note, androgen excess enhances MNC sensitivity to glucose, thereby exacerbating glucose-stimulated oxidative stress and release of inflammatory factors from MNC \[[@bib170],[@bib171]\]. These results indicate that androgen excess may promote β cell dysfunction in women with PCOS via direct and indirect mechanisms. However, additional experimental analyses are required to explore the associated underlying mechanisms.

3.5. Metabolic impact of hyperandrogenism via the central nervous system {#sec3.5}
------------------------------------------------------------------------

In women, androgen excess also promotes metabolic dysfunction through its interaction with specific brain centers. Hyperandrogenism has a detrimental impact on leptin sensitivity at the central level and reduces leptin-mediated BAT thermogenesis by altering melanocortin signaling in the DMH and communication between the hypothalamic nucleus and BAT \[[@bib95]\]. Such effects may compromise the weight-lowering properties of leptin and exacerbate the metabolic derangements associated with PCOS. It was also suggested that prenatal overexposure to androgens may increase the proportion of AgRP neurons in adulthood, which may affect energy intake and enhance adiposity \[[@bib172]\]. Interestingly, it was demonstrated that AgRP and AR colocalizes in the hypothalamus, suggesting that androgens may alter metabolic homeostasis by acting on these neurons. In addition, prenatal exposure to androgens also reduced colocalization of AgRP and the insulin receptor \[[@bib172]\], which may affect hepatic insulin sensitivity since insulin action in these neurons plays a prominent role in the regulation of hepatic glucose production \[[@bib173]\]. Neonatal exposure to androgens was also shown to alter sexual differentiation of POMC neurons in female mice, thereby inducing reduced hypothalamic POMC expression and increased energy intake \[[@bib174]\]. In this scenario, it is plausible that androgens act on the melanocortin system to impair systemic metabolism in women with PCOS.

Recent reports demonstrated the essential role of the neuroendocrine action of androgens in the development of the metabolic and reproductive traits associated with PCOS \[[@bib164],[@bib175]\]. Thus, AR signaling in neurons appears to be crucial for the development of most metabolic and reproductive abnormalities associated with hyperandrogenism. This was illustrated by functional genomic approaches in which three mouse lines with site-specific loss of AR signaling were generated and compared: (i) a global AR knockout, (ii) a mouse model lacking AR specifically in neurons, and (iii) a mouse line lacking AR in granulosa cells. In these three lines, a standard protocol was applied to induce a PCOS-like phenotype in adulthood based on chronic exposure to DHT from weaning. Neither the mice lacking AR signaling in neurons nor the global knockout mice displayed key metabolic and reproductive traits associated with DHT treatment, whereas mice lacking AR signaling in granulosa cells developed obesity, dyslipidemia, and ovarian dysfunction \[[@bib175]\]. Another study recently documented that chronic AR activation in the brain produced peripheral insulin resistance in female mice \[[@bib164]\]. This study used a combination of loss-of-function models to explore the contribution of excessive AR activation in neurons and β cells to the development of T2D. The study\'s results showed that chronic AR activation in neurons was essential for the development of peripheral insulin resistance. While control females exposed to a Western diet and DHT exhibited hyperinsulinemia and insulin resistance, mice lacking AR in neurons and exposed to an obesogenic diet and androgen excess did not display such metabolic disturbances. These data suggest that androgen excess predisposes the development of T2D via the specific activation of AR in neurons, causing hepatic insulin resistance, and in β cells, leading to increased oxidative stress, insulin hypersecretion, and β cell failure \[[@bib164]\]. Altogether, these findings provide evidence that the direct action of androgens on the brain is an important component for the development of the metabolic and reproductive derangements associated with PCOS.

4. Therapeutic strategies for the management of metabolic disturbances of PCOS {#sec4}
==============================================================================

Currently, the therapeutic options for the treatment of the metabolic dysregulation associated with PCOS are limited. Although there are no specific therapies for the management of the metabolic perturbations in these patients, several recommendations and interventions similar to those employed for the management of obese and diabetic patients are frequently used for the treatment of obese PCOS women, including lifestyle changes, pharmacological treatment, and, in cases of morbid obesity and inefficacy of the previous interventions, bariatric surgery.

4.1. Lifestyle interventions and pharmacological approaches {#sec4.1}
-----------------------------------------------------------

As previously discussed, most women with PCOS are obese or overweight, exhibit insulin resistance associated with compensatory hyperinsulinemia, and have an increased risk of developing T2D. The most recommended first therapeutic option for the management of the metabolic perturbations associated with PCOS is diet and exercise, with the aim of reducing body weight, since it has been shown that reduction in body weight improves metabolic homeostasis and hyperandrogenism in women with PCOS \[[@bib176]\]. Nevertheless, most obese patients with PCOS fail to achieve substantial weight loss through lifestyle modifications. For those patients, the use of insulin-sensitizing drugs, such as metformin, is the preferred therapeutic approach. The aim of this therapy is to improve insulin sensitivity to reduce circulating insulin levels and attenuate insulin-mediated stimulation of androgen production in the ovary. In this context, it was shown that intervention with metformin improves insulin sensitivity and regulates menstrual cycles, ameliorates ovulation rates, and may also improve hyperandrogenemia in women with PCOS \[[@bib44],[@bib49]\]. However, metformin therapy has modest effects on body weight and adiposity \[[@bib177]\], and controversial results on its efficiency has been reported in PCOS patients \[[@bib178], [@bib179], [@bib180], [@bib181]\], a phenomenon that might be related, at least partially, to heterogeneity in responses among different subgroups of PCOS women.

TZDs are alternative pharmacological therapies for the treatment of the metabolic and reproductive abnormalities associated with PCOS. TZDs are insulin-sensitizing drugs that activate PPAR-γ, a nuclear receptor whose activation improves insulin sensitivity primarily in the adipose tissue and skeletal muscle \[[@bib48],[@bib182]\]. Treatment with these pharmacotherapies has been shown to ameliorate insulin sensitivity, reduce insulin levels, and improve several reproductive parameters in prenatally androgenized female sheep and monkeys as well as in women with PCOS \[[@bib48],[@bib183],[@bib184]\]. However, similar to metformin, TZDs have a negligible effect on body weight or may even promote weight gain \[[@bib185]\], which may limit the use of this therapy to lean or overweight PCOS patients who exhibit hyperandrogenism and hyperinsulinemia.

Glucagon-like peptide-1 (GLP-1) analogs have recently emerged as novel anti-diabetic drugs with excellent therapeutic profiles, improving glycemic control and insulin resistance together with weight loss \[[@bib186],[@bib187]\]. Given the importance of reducing body weight and improving insulin sensitivity in obese and overweight women with PCOS, several studies assessed the metabolic and reproductive effects of this gut hormone in this patient population. These fragmentary studies revealed that treatment with GLP1 reduces body weight, increases menstrual frequency, and may improve hyperandrogenemia in obese women with PCOS \[[@bib188], [@bib189], [@bib190]\]. Interestingly, a recent meta-analysis provided evidence that GLP-1 therapy may be more effective than metformin for improving insulin sensitivity and other metabolic parameters \[[@bib191]\], suggesting that GLP-1 might be considered a more suitable pharmacological option for the clinical management of obese patients with PCOS. Of note, the combined action of both pharmacotherapies, GLP-1 and metformin, may be more effective than the individual action of each drug for the treatment of the metabolic and reproductive disturbances linked to PCOS \[[@bib192]\] and may even improve metabolic outcomes in women who previously exhibited deficient responses to metformin \[[@bib193]\]. Nevertheless, despite these promising results, additional analyses are required to evaluate the reproductive and metabolic efficacy and safety of this drug combination in obese women with PCOS.

4.2. Bariatric surgery {#sec4.2}
----------------------

Bariatric surgery is considered an effective intervention for the treatment of morbid obesity. This surgical procedure improves body weight, IR, and other metabolic parameters \[[@bib194],[@bib195]\]. However, bariatric surgery is associated with short- and long-term risks. Although the risks of this intervention have decreased over time due to the development of novel approaches (for example, laparoscopy), bariatric surgery is primarily recommended for extremely obese patients who exhibit metabolic comorbidities and do not achieve therapeutic goals after lifestyle and pharmacological intervention.

In the context of PCOS, several studies reported the beneficial effects of bariatric surgery on metabolic and reproductive function. A recent meta-analysis focusing on nine different studies and encompassing 234 obese patients with PCOS documented that bariatric surgery improved BMI, circulating glucose levels, IR, and hypertension in PCOS patients \[[@bib194]\]. The surgery also improved hyperandrogenism and associated clinical symptoms and ameliorated menstrual cycles and ovulation rates \[[@bib194]\]. Experimental studies also documented the metabolic and reproductive effects of bariatric surgery in a rat model of PCOS induced by chronic exposure to DHT. After the intervention, the animals showed reduced body weight and adiposity together with improved glucose and triglycerides levels. Bariatric surgery also restored estrous cyclicity in this PCOS model, but only when DHT levels returned to normal \[[@bib196]\].

The specific mechanisms by which bariatric surgery improves the metabolic and reproductive profile in obese PCOS patients remain unclear. A potential mechanism may be related to the marked reduction in body weight that patients display after intervention, which is associated with an improvement in IR, a reduction in circulating insulin levels, and, consequently, with a decline in circulating androgen levels and an increase in SHBG levels \[[@bib194]\]. This improvement in hyperandrogenism may be related to the restoration of menstrual cycles and ovulation. Another mechanism that may explain the metabolic and reproductive effects of bariatric surgery may be related to the alterations in the secretion patterns of gastrointestinal hormones frequently observed after surgery. Namely, several days after surgery there is an increase in circulating GLP-1 and peptide YY levels, which may have beneficial metabolic and eventually reproductive consequences due to the ability of these gut peptides to reduce food intake \[[@bib194]\].

5. Conclusions and future directions {#sec5}
====================================

In conclusion, epidemiological studies of humans and observations of preclinical models indicate that multiple factors are involved in the pathogenesis of PCOS, including developmental, environmental, genetic, and epigenetic elements. Although it is widely accepted that hyperandrogenism is the cardinal endocrine perturbation driving the development and manifestation of PCOS traits, further mechanistic analyses must be undertaken to dissect the specific metabolic and reproductive effects of androgen excess on metabolic and reproductive tissues as well as the brain. The development of novel PCOS experimental models may be of significant interest to explore the pathogenic mechanisms of this endocrine disorder and characterize the metabolic impact of endogenous hyperandrogenism. In particular, the generation of preclinical models of PCOS exhibiting endogenous hyperandrogenemia is of special relevance, considering that the vast majority of the currently available PCOS models are induced by exogenous administration of androgens in different stages of development. The development of these experimental models may help elucidate different aspects of the disease and may serve as preclinical tools to assess the putative anti-androgenic and anti-obesogenic effects of novel therapeutic candidates.

To date, several pharmacological therapies have been used for the management of the metabolic abnormalities observed in PCOS. Pharmacotherapies such as metformin or TZDs aim to reduce androgenic activity and improve metabolic homeostasis and have been shown to be effective in specific patient populations. However, there is a considerable demand for the development of novel, safer, and more effective therapeutic approaches against the metabolic dysregulation frequently linked to PCOS. In this scenario, GLP-1 receptor agonists, alone or in combination with other metabolic hormones, are emerging as potential therapies for obese women with PCOS due to their anti-diabetic and weight-lowering properties, which may offer an attractive therapeutic option for these patients. In this context, we forecast that in the near future, experimental and clinical studies will address the potential therapeutic utility of novel unimolecular GLP-1-based poly-agonists for the treatment of the metabolic and reproductive abnormalities associated with PCOS. The metabolic efficacy and safety of these unimolecular multi-agonists, as well as their superior metabolic efficiency compared with GLP-1 receptor agonists, was recently demonstrated in different preclinical models of obesity \[[@bib197]\], and some of these drugs are currently in clinical evaluation for the treatment of T2D. Hence, the potential use of this novel class of multi-agonist therapies holds promising opportunities for the metabolic management of obese patients with PCOS.
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